Maize (Zea mays ssp. mays) is an agronomically important crop and also a classical genetic model for studying the regulation of plant architecture formation, which is a critical determinant of grain yield. Since the 1930s, increasing planting density has been a major contributing factor to the >7-fold increase in maize grain yield per unit land area in the USA, which is accompanied by breeding and utilization of cultivars characterized by high-density-tolerant plant architecture, including decreased ear height, lodging resistance, more upright leaves, reduced tassel branch number, and reduced anthesis-silking interval (ASI). Recent studies demonstrated that phytochrome-mediated red/ far-red light signaling pathway and the miR156/SQUAMOSA-PROMOTER BINDING PROTEIN-LIKE (SPL) regulatory module co-ordinately regulate the shade avoidance response and diverse aspects of plant architecture in responding to shading in Arabidopsis. The maize genome contains 30 ZmSPL genes, and 18 of them are predicted as direct targets of zma-miR156s. Accumulating evidence indicates that ZmSPL genes play important roles in regulating maize flowering time, plant/ear height, tilling, leaf angle, tassel and ear architecture, and grain size and shape. Finally, we discuss ways to exploit maize SPL genes and downstream targets for improving maize plant architecture tailored for high-density planting.
Introduction
To meet the ever-increasing global demands for food, feedstock, and bioenergy products, breeders are continuously selecting cultivars that can be planted at higher densities to increase maize grain yield per unit land area (Duvick, 2005a, b) . Maize plant density in the USA, the world's largest maize producer, has increased from 30 000 plants ha -1 in the 1930s to ~70 000 plants ha -1 in 2010. Concomitantly grain yield has increased from 1287 kg ha -1 in the 1930s to 9595 kg ha -1 in 2010 (Mansfield and Mumm, 2014) . In comparison, the average yield of maize in China (the second largest maize producer) is only ~60% of that in the USA, despite the fact that the planting density of maize in China is gradually increasing (Meng et al., 2013) ; thus, the potential for increasing maize yield in China via dense planting is enormous. Ideal plant architecture is critical for increasing plant density. The key components of ideal plant architecture in maize include plant and ear height, lodging resistance (culm strength), leaf angle, and tassel architecture (Leivar et al., 2012) . For instance, optimal plant/ear height and a strong stem can reduce lodging and facilitate mechanical harvest. More upright leaf angle and smaller tassels allow better light penetration into the canopy, and thus higher photosynthetic efficiency. Smaller tassel size may help to alleviate the apical dominance effect on the axillary bud (ear) and decreases the competition with the ear for assimilate partitioning .
SQUAMOSA-PROMOTER BINDING PROTEIN (SBP) or

SQUAMOSA-PROMOTER BINDING PROTEIN-LIKE
(SPL) family transcription factors include a highly conserved region of 76 amino acid residues referred to as the SBP domain, which contains both a nuclear localization signal and a DNAbinding region that binds to the GTAC core motif sequences as well as the gene-specific flanking sequences (Kropat et al., 2005; Liang et al., 2008) . Previous studies have documented critical and conserved roles for the SBP/SPL gene family in regulating diverse aspects of plant development and architecture in a range of plant species (Arabidopsis, rice, tomato, wheat, etc.) (Manning et al., 2006; Zhang et al., 2014; . Recent studies have shown that members of the SPL gene family regulate various yield-related traits in rice, including tiller number, stem diameter and strength, leaf angle, panicle size, and grain shape and size (Lee et al., 2007 ; S. Ishii et al., 2013; Si et al., 2016) . Limited evidence also points to critical roles for SPL genes in maize architecture regulation and yield potential (Moreno et al., 1997; Wang et al., 2005; Chuck et al., 2010 Chuck et al., , 2014 . Here we provide an overview of the maize SPL gene family and discuss possible routes to exploit this genetic repertoire to modulate maize plant architecture tailored for high-density planting.
Identification of ZmSPL genes in the maize genome
To identify all putative maize SPL genes, we performed a BLAST search against the Maize GDB and gramene database of B73 RefGen_v4 , using SBP domain sequences of SPL proteins from Arabidopsis as queries. Thirty putative protein sequences were obtained after removing redundant sequences, in comparison with a previous study (Zhang et al., 2016) . The complete coding sequence (CDS) of all ZmSPL genes was cloned using a cDNA library prepared from maize B73 plant samples. Briefly, B73 plants were grown in the field until the silking stage. A mixture of tissues (root, leaf, tassel, and immature ear) was collected for total RNA extraction with Trizol reagent (Invitrogen, USA) and subsequent cDNA synthesis using M-MLV (Promega, USA). After the cloning of ZmSBP genes, they were sequenced to confirm the accuracy of the nucleotide sequences. For annotation of these ZmSPL genes (gene IDs and coding sequences) and primers, refer to Supplementary Table S1 at JXB online. Eleven ZmSBP genes, belonging to the subclades I, III, VII, and IX, are predicted to have multiple splice variants, while ZmSBP3, ZmSBP10, ZmSBP29, and ZmSBP32 are predicted to have two splice variants. In this study, the longest transcript for these alternatively spliced genes was cloned and used for sequence analysis. The remaining 15 ZmSBP genes only have one transcript (Supplementary Table S1 ). All amplified maize SBP genes have identical sequences to those retrieved from the online database, except that GRMZM2G113779 has indels and single nucleotide polymorphisms (SNPs) in its CDS ( Supplementary Fig. S1 ). The maize genome is complex and diverse due to large-scale duplication events (Schnable et al., 2009) , explaining the existence of more SPL genes in maize than in rice or in Arabidopsis. So far, functional studies have been reported for only five maize SPL genes (TGA1, UB2, UB3, TSH4, and LG1).
Phylogenetic and gene structure analysis of the ZmSPL gene families
To investigate the evolutionary relationships of SPL genes among Arabidopsis, rice, and maize, we collected full-length SPL protein sequences including 16 from Arabidopsis, 19 from rice, and 30 from maize for phylogenetic and gene structure analysis. These SPL proteins were categorized into 12 subgroups (I-XII) using the MEGA6 Neighbor-Joining method (Fig. 1) . Within each subgroup, SPL proteins of maize and rice are phylogenetically closer, inferring grass-specific gene duplications in these lineages.
All SPL proteins contain the conserved SBP domain (76 amino acid residues) comprised of a nuclear localization signal and two separate zinc fingers that bind to consensus GTAC core sequences ( Fig. 2; Supplementary Fig. S2 ). Collinear relationships for the ZmSBP gene family were analyzed using MCScanX (the detect collinearity with gene families tool) (Y. . The inferred relationships for ZmSBP members are placed within the context of whole-genome collinearity and demonstrate the history of ZmSBP gene family expansion (Fig. 3) . Strikingly, the SPL genes in the same phylogenetic clade show conserved exon-intron structures and protein motif compositions, and they tend to have similar expression profiles (Supplementary Fig. S3 ; Sekhon et al., 2011) , which provide hints on the functional conservation of maize ZmSPL genes. For instance, subgroup III contains characterized orthologous SPL genes, including ZmSBP8 (UB2), ZmSBP30 (UB3), and ZmSBP6 (TSH4) from maize, OsSPL14 (IPA1), OsSPL7, and OsSPL17 from rice, and AtSPL9 and AtSPL15 from Arabidopsis; all perform a similar function in regulating vegetative/reproductive branching in various plant species (Schwarz et al., 2008; Chuck et al., 2010; Jiao et al., 2010; Miura et al., 2010) . However, it is worth noting that orthology-based inferences may not always be trustworthy, as gene duplication events can result in subfunctionalization and neo-functionalization of genes. Also, SPLs may have pleiotropic effects and exert their functions in interwoven networks rather than in independent pathways .
ZmSPL genes are differentially regulated by zma-miR156 miRNAs are a specialized class of small silencing RNAs (20-22 nt) that regulate gene expression. The miR156s including miR156, the highly similar miR157 and miR529 repress the expression of SPL genes by either cleaving their transcripts or repressing protein translation at the miRNA-responsive elements (Gandikota et al., 2007; Guo et al., 2008) . The miR156/ SPL module initially defines a novel age-dependent flowering regulatory pathway (Wu and Poethig, 2006) . Recently, accumulating evidence supports that miR156/SPL serves as a regulatory hub to manipulate numerous traits in growth and development including plastochron length, juvenile-to-adult phase transition, and tillering/branching . The evolutionary conservation of miR156 and SPL genes has been extensively reported in land plants. For example, 11 out of 16 SPL genes in Arabidopsis (Cardon et al., 1999; Wu and Poethig, 2006 ), 12 out of 19 SPL genes in rice (Xie et al., 2006; Yang et al., 2008) , 44 out of 58 SPL genes in oilseed rape (Cheng et al., 2016) , 10 out of 15 SPL genes in tomato (Salinas et al., 2012) , and 12 out of 18 SPL genes in grape carry complementary sequences to miR156s in either coding regions or the 3'-untranslated region (UTR). Twelve members of maize MIR156 (zma-MIR156a-l) were retrieved by querying the miRNA database ( Supplementary Fig. S4 ). Multiple alignment analysis identified 18 ZmSBP genes as direct targets of miR156s, showing complementarity to the sequences of mature zmamiR156s (Fig. 3) . Those maize ZmSPL genes not targeted by miR156 belong to subgroups V, VI, VII, VIII, IX, and XII, which are relatively longer in protein sequences with few conserved motifs outside the SBP domain. Several previously characterized maize SPL genes (TGA1, UB2, UB3, and TSH4) are targets for miR156 (Chuck et al., 2007 (Chuck et al., , 2010 (Chuck et al., , 2014 , whereas ZmSBP15 (ZmLG1) does not carry sequences complementary to miR156.
Diverse functions of maize SPLs in controlling important agronomic traits
Regulation of flowering time
Flowering time (the transition from vegetative growth to reproductive growth) is a key developmental switch and a critical determinant of plant adaptation to different environments.
Maize was domesticated from its progenitor teosinte (Zea mays ssp. Parviglumis) ~10 000 years ago in the Balsas River lowland in Mexico and, during its adaption to the temperate regions, the genetic architecture for flowering time has evolved, largely due to reduced photoperiod response (Hung et al., 2012; Yang et al., 2013; Huang et al., 2017) . The genetic framework for flowering regulation was shown to be largely conserved in higher plant species, although distinct components have been identified in monocots and dicots (Dong et al., 2012) . Recent studies suggested that the miR156/SPLs module defines a novel age-dependent flowering regulatory pathway in Arabidopsis, tobacco, and maize plant species (Wu and Poethig, 2006; Wu et al., 2009; Yang et al., 2011; Poethig, 2013; Wang et al., 2014) . Whether these orthologous genes in maize such as FUL family genes (ZMM4, ZMM15, ZMM24, and ZMM31) (Danilevskaya et al., 2008) and LFY genes (ZFL1 and ZFL2) (Bomblies and Doebley, 2006) are regulated by ZmSPLs remains unresolved. In addition, SPLs directly enhance miR172 levels that targets the flower-repressing genes APETALA (AP2), thus relieving their repression on the floral inducer FLOWERING LOCUS T (FT), leading to flowering (Schwarz et al., 2008; Wang et al., 2009; Torti et al., 2012; Wang, 2014) .
Evidence has been gathered to suggest that the sequential action of miR156 and miR172 in the control of vegetative and reproductive phase changes is conserved in maize. In the maize dominant CORNGRASS1 (Cg1) mutant that overexpresses two tandem MIR156 genes, the juvenile phase is extended and flowering is postponed (Chuck et al., 2007) . Moreover, higher expression of the AP2-like gene GLOSSY15 (Gl15) in maize extends juvenile leaf development, while the function of Gl15 is suppressed by miR172 (Lauter et al., 2005) . Notably, a recent study showed that multiple flowering-related genes, including AP2, MADS-box, and SPL genes, were directly regulated by UB3 in transgenic rice plants with ectopic expression of maize UB3 (Du et al., 2017) . In addition, ZmSPL25 (GRMZM2G414805) was identified as a likely candidate gene for the flowering time control and regional adaptation between temperate Dent and Flint maize varieties (Unterseer et al., 2016) . As flowering time in maize is suggested to be controlled by numerous small-effect quantitative trait loci (QTLs) with a simple additive model (Unterseer et al., 2016) , we speculate that multiple SPL genes may contribute to flowering time and regional adaptation of maize, and that subsets of their downstream targets are most likely to be involved in this function. This remains to be experimentally verified in future studies.
Plant/ear height and tillering
Plant and ear height are important characters determining biomass production and grain yield in maize. If the ear position is too high, the weight of the ear may bend the stalk or even break it; in contrast, too low a ear location is unfavorable for harvesting. It was reported that single or double mutants of UB2 and UB3 did not noticeably affect plant height, whereas mutation of a related gene, TSH4, resulted in dwarf maize plants with prolific tillers (Chuck et al., 2014; Fig. 4) . Likewise, reduced expression of OsSPL14 (the closest ortholog of UB3) gave rise to more tillers and significantly reduced plant height in rice (Jiao et al., 2010) . Chuck et al. (2007) demonstrated that the dominant Cg1 mutant of maize, which overexpresses two tandem MIR156 genes (zma-MIR156b and zma-MIR156c) accompanied by suppressed expression of multiple downstream ZmSPL genes in the meristem and lateral organs, resembled the phenotype of the maize ancestor teosinte,such as prolific tillers. It will be interesting to study whether additional ZmSPL genes are involved in the regulation of plant height/ear height and tillering.
Lodging resistance
Stalk lodging, referring to the bending or breakage of the stalk below the ear, is a typical manifestation of a plant's shade avoidance responses and can result in severe harvest losses.
A major determining factor of stem strength is the secondary wall biosynthesis and lignin deposition in the secondary cell walls of stem cells. Previous studies have shown that secondary wall biosynthesis is controlled by complex transcriptional networks encompassing NAC and MYB master regulators (Zhong et al., 2008; Taylor-Teeples et al., 2014; Zhong and Ye, 2015) . Laccases are multicopper oxidoreductases, which mediate the polymerization of three monolignol precursors (p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol) into lignin (Vanholme et al., 2010) . A study showed that Arabidopsis AtSPL7 could positively regulate MIR857 that specifically targets LACCASE7 (AtLAC7) in response to copper deficiency, suggesting a SPL7-miR857-LAC7 regulatory cascade in manipulating lignin content and vascular tissue morphogenesis in Arabidopsis . In addition, miR397a and miR397b have been reported to regulate LAC mRNA abundance and lignin biosynthesis negatively in poplar and Arabidopsis, respectively (S. Wang et al., 2014) . A recent study reported that the monocot-specific miR528 targets ZmLAC3 and ZmLAC5, consequently reducing lignin content in the shoot and thus weakening lodging resistance in maize (Sun et al., 2018) . The regulatory relationship between ZmSPL and ZmmiR397 or ZmmiR528 remains to be investigated. It is also notable that specific mutation in OsSPL14 (IPA1) confers sturdier culms with more vascular bundles and sclerenchyma cells (Jiao et al., 2010) , implicating a role for SPL genes in regulating stem strength in rice.
It has been reported that shading can repress the expression of genes involved in lignin and cellulose synthesis, resulting in reduced lignin deposition and cellulose allocation in cells of the culm tissue, and correspondingly weak stems . In addition, one recent study verified the involvement of the miR156-SPL module in mediating shade avoidance responses in Arabidopsis (Xie et al., 2017) . Despite the progress made in this area, there is no report on light regulation of secondary cell wall and lignin biosynthesis in maize to date. It will be interesting to examine how the shade-related signaling pathways (PHYB-PIFs-miR156-SPLs) intersect with the regulatory networks for secondary wall biosynthesis. Manipulating lignin synthesis and patterned deposition in conditions of shading might offer new approaches to address lodging problems in maize production.
Leaf angle
Upright leaves are favorable for photosynthesis and allow more plants per land area. The angle of a leaf is determined by the auricle that is a region of transition between the blade and sheath. The ligule functions to prevent water and pests from entering the stem (Moon et al., 2013; Lewis et al., 2014) . Consistent findings were shown in different gramineous plants where the SPL gene LIGULELESS1 (LG1), including ZmLG1 in maize, OsLG1 in rice, and HvLG1 in barley, could determine leaf angle to the horizontal via controlling the formation of ligules and auricles during leaf development (Pratchett and Laurie 1994; Moreno et al., 1997; Lee et al., 2007) .
Recent years have witnessed the elucidation of regulatory genes upstream of ZmLG1. Higher transcript and protein levels of ZmLG1 were detected in the dominant mutant WAVY AURICLE IN BLADE1 (WAB1-R), resulting in the formation of ectopic auricles in the leaf blade. In contrast, ZmLG1 protein accumulation is absent in the tassel of the wab1 lossof-function mutant. WAB1 encodes a TCP (TEOSINTE BRANCHED 1, CYCLOIDEA, and PCF) transcription factor with overlapping expression patterns with ZmLG1, indicating that WAB1 acts as a positive regulator of LG1 (Lewis et al., 2014) . ZmLG1 is also positively regulated by UB3, since its expression is down-regulated in the ub3 mutant compared with the wild type (Du et al., 2017) . In addition, ZmLG1 expression was shown to be directly repressed by RAMOSA 1 (RA1), a C2H2 zinc-finger protein that modulates maize inflorescence architecture (Eveland et al., 2014) . The intricate relationship among WAB1, UB3, RA1, and ZmLG1 in regulating leaf angle remains to be further explored. Further, whether ZmSBP28, which is closely related to ZmLG1, is also involved in regulating the formation of ligules and auricles during leaf development remains to be experimentally verified. Continued efforts to elucidate the associated networks regulating LG1 expression and identification of its target genes may offer new targets of genetic manipulation to enhance light capture and photosynthetic efficiency.
Tassel architecture
Maize has separate male (tassel) and female (ear) flowers that differ in flowering time. The architecture of these inflorescences is an important agronomical trait determining grain yield. The size of a tassel not only affects pollen amount and Fig. 4 . Diverse functions of known maize SPL genes in controlling important agronomic traits. UB2, UB3, and TSH4 have pleiotropic effects in regulating maize plant architecture and kernel traits. Mutations of ub2, ub3, and tsh4, particularly in double and triple mutants, significantly reduce tassel branch number, while they increase tiller numbers (Chuck et al., 2014) . ub2/ub3 double mutants have decreased ear length and increased kernel row numbers (Chuck et al., 2014) . In addition, TSH4 regulates bract development (Chuck et al., 2010) . lg1 mutant plants display reduced leaf angle, tassel branch number, and tassel branch angle (Lewis et al., 2014) . TGA1 negatively regulates glume formation, ear prolificacy, and shank length (Wang et al., 2005 . An arrow indicates positive regulation and a bar indicates negative regulation.
shedding time, but also determines the canopy structure and allocation of photosynthetic assimilates. SPL genes in maize have been shown to shape tassel architecture, including both tassel branch number and branch angle. A reduction in tassel branch number was observed in ub2, ub3, or tsh4 single mutants as well as their double and triple mutant combinations. In particular, the ub2/ub3/tsh4 triple mutants produced plentiful leaves that subtend the base of the tassel (Chuck et al., 2014; Fig. 4) . A recent study showed that multiple reported inflorescence-related genes including UB3 and TSH4 were positively modulated by GROWTH REGULATING FACTOR (GRF)-INTERACTING FACTOR1 (GIF1) in maize. Compared with the wild type, gif1 mutants are dwarf with narrower leaves, fewer tassel branches, but plentiful small axillary ears , suggesting that the miR396c-GRF-GIF module may intersect with the miR156-SPL module to regulate inflorescence architecture and leaf development co-ordinately.
ZmLG1 has also been reported to control tassel architecture including tassel branch angle and tassel branch number. A knock-out mutant of ZmLG1 has more compact tassels in comparison with the wild type (Lewis et al., 2014) . This notion was further supported by the finding that loss-of-function mutation in BRANCH ANGLE DEFECTIVE1 (BAD1, allelic to WAB1-R) causes weakened cell division and proliferation in the pulvinus, giving rise to a more upright tassel phenotype (Bai et al., 2012; Lewis et al., 2014) . Furthermore, the compact panicle architecture observed in the Oslg1 mutant also supports a conserved function of LG1 in regulating tassel/ panicle development in grass species (Ishii et al., 2013; Zhu et al., 2013) . Interestingly, quantitative trait mapping combined with association analysis showed that distal regulatory sequences upstream of the OsLG1 gene were targets of crop domestication and improvement (Ishii et al., 2013; Zhu et al., 2013) . Identification of the superior allele of maize LG1 or functional characterization of LG1-related SPL genes may offer options to co-ordinate the leaf angle and tassel architecture tailored for high-density planting.
Ear architecture
Ear traits, including ear length, the number of kernels per row, and ear shoots, are directly associated with grain yield. Recent studies have indicated that these traits are also regulated by SPL genes. The ub2 and ub3 loss-of-function mutants displayed increased kernel row number (KRN) but defective ear length (Chuck et al., 2014) . Indeed, a reverse genetic analysis demonstrated that UB2, UB3, and TSH4 act in concert to determine whether lateral primordia develop into tassel branches, kernels, or leaves. When these SPL regulators were absent, cells were allocated to the wrong compartment; that is, lateral primordia initiation predominates over meristem regeneration (Chuck et al., 2014) . In line with this finding, elevated gene expression of UB2 and UB3 in transgenic maize plants resulted in decreased KRN and ear diameter (L. . Interestingly, genome-wide association study (GWAS) analysis also identified two independent natural variants in the UB3 gene that confer higher tassel branch number in Mo17 and higher ear row number in B73, respectively (Chuck et al., 2014) . In addition, the KRN4 locus, a ~3 kb intergenic region located ~60 kb downstream of UB3, was shown to raise the level of UB3 expression, giving rise to quantitative variation in KRN between different maize inbred lines (L. .
The number of ears per plant, known as prolificacy, is also a domesticated trait in maize. Modern maize typically has one or two ears per plant, while its ancestor teosinte has multiple long lateral branches, with each bearing clusters of several small ears . Knocking-down the expression of TGA1 resulted in appearance of multiple ears on one shank in maize . Future studies will aim to elucidate the downstream targets of TGA1 or additional ZmSPL genes involved in regulating ear prolificacy.
Grain size and shape
The seed properties of maize and its ancestor teosinte have undergone striking evolution. Teosinte has hard glumes and invaginated inflorescence axes, whereas modern maize has naked kernels and a flat rachis (Fig. 4) . ZmSBP1 (TGA1) is an excellent example demonstrating the significant role of the SPL gene in shaping phenotypic differences between maize and its ancestor teosinte. Maize kernels possessing the TGA1-maize allele are liberated from the glumes of the maize ancestor teosinte (Dorweiler and Doebley, 1997; Wang et al., 2005) . A single fixed nucleotide change in the coding region of TGA1 turns a lysine (teosinte allele) into an asparagine (maize allele), which changes the protein dimerization of TGA1 and transforms it into a transcriptional repressor, resulting in disappearance of the glume during domestication . Unexpectedly, the close homolog of TGA1 named NEIGHBOR OF TGA1 (NOT1) does not contribute significantly to the observed phenotypic differences between maize and teosinte . TGA1 was shown to repress the expression of NOT1 directly Studer et al., 2017) . Notably, rice OsSPL16/GW8, the close ortholog of maize TGA1, has been identified as an important QTL controlling grain size, shape, and quality. Higher expression of this gene enhances cell reproduction and nutrient filling in grains, leading to wider grain and higher yield in rice . In addition, OsSPL13 can increase rice grain length and yield by positively regulating cell size in the grain hull (Si et al., 2016) . Although functional characterization remains to be performed, we speculate that the maize SPL genes homologous to OsSPL16 and OsSPL13 are likely to be involved in modulating kernel appearance and yield as well.
Evidence of maize SPL genes being involved in phytochrome-mediated shade avoidance response A restrictive factor for increasing planting density for crops is the plants' shade avoidance syndrome (SAS), which is induced when the dense canopy causes a reduction of red to far-red light ratios (R:FR <1.0). Eudicot plants such as Arabidopsis and tobacco commonly display elongated stems and petioles, reduced leaf angles to vertical, suppressed branching, and early flowering in response to shading (Keuskamp et al., 2010; Casal, 2012 Casal, , 2013 . Similarly, shading-treated maize demonstrates elongated mesocotyl, increased plant height, reduced tillering, etc., although deviations in SAS were observed between different cultivars (Maddonni et al., 2002; Dubois et al., 2010) . It is believed that SAS has been attenuated or refined during crop domestication and genetic improvement to alleviate its negative effect on plant architecture and yield (Sawers et al., 2005; Kebrom and Brutnell, 2007) . Extensive studies have demonstrated that phytochromes (mainly phytochrome B) and their interacting factors (PIFs) are key regulators of SAS (Hornitschek et al., 2012; Leivar et al., 2012) . Our recent study demonstrated the involvement of the miR156-SPL module in mediating shade avoidance responses in Arabidopsis. Shade inactivates phytochromes (mainly phyB) and induces rapid accumulation of the PIF proteins, which in turn directly suppress the expression of several MIR156 genes. Consequently, the enhanced expression of SPL genes modulates a plethora of downstream genes to regulate shade avoidance responses, including increased plant height, elongated leaf blades, reduced branching, and early flowering (Xie et al., 2017) .
Limited evidence has been accumulated to support a critical role for phytochromes and PIFs in regulating SAS in maize. The maize genome contains six copies of phytochrome genes: PHYA1, PHYA2, PHYB1, PHYB2, PHYC1, and PHYC2. Similar to the Arabidopsis phyB mutant, the maize phyB1phyB2 double mutants as well as the sorghum phyB mutant (named the ma 3 R allele) displayed increased plant height and internode length (Kebrom et al., 2006 (Kebrom et al., , 2010 Sheehan et al., 2007) . The homologous ma 3 R mutants of sorghum also showed reduced tillering, whereas overexpression of PHYB in Miscanthus markedly reduced plant height (Hwang et al., 2014) . These observations imply that phyB might also be the main photoreceptor regulating shade avoidance response in maize and other gramineous plant species. In addition, a recent study showed that maize PIF proteins also specifically interact with the active (Pfr) form of ZmPhyB1 (Kumar et al., 2016) and that ectopic expression of ZmPIF4 elicits a shade avoidance response in Arabidopsis (Shi et al., 2018) , suggesting that maize PIF proteins may have conserved functions like the Arabidopsis PIFs.
Monocot plants have both aerial and basal branches (also called tillers) that shape the overall plant architecture. A branch is formed in two successive stages: the formation of new axillary meristems (AMs) in leaf axils followed by outgrowth of the axillary buds (Schmitz and Theres, 2005) . It has been shown that suppression of bud outgrowth in maize is mediated by phytochromes and two downstream transcription factors TENOSINTE BRANCHED 1 (TB1) and GRASSY TILLERS 1 (GT1). TB1 encodes a class II TCP transcription factor that inhibits axillary bud outgrowth, and it was identified as the causal gene underlying the domestication of low-tillering maize from its abundant-tillering progenitor teosinte . Functionally conserved, the rice ortholog OsTB1 (FINE CULM1, FC1) and Arabidopsis orthologs BRANCHED1&2 (BRC1&2) can also repress branch/tiller outgrowth (Takeda et al., 2003; Aguilar-Martínez et al., 2007; Finlayson, 2007) . GT1 encodes a class I homeodomain leucine zipper (HD-ZIP) protein and functions to suppress bud outgrowth in maize (Whipple et al., 2011) . A major QTL determining prolificacy (pro1.1) was mapped to a region of 2.7 kb upstream of the GT1, and the pro1.1 allele in maize is suggested to be a target of selection during domestication (Wills et al., 2013) . It has been shown that maize plants with an introgressed teosinte allele of TB1 were highly tillered under low-density planting, and were highly responsive to the canopy shade Lukens and Doebley, 1999) . Shading induces changes in light quality (low R:FR ratio), enhances TB1 transcription, promotes downstream GT1 expression, and in turn engenders the suppression of lateral bud outgrowth (Whipple et al., 2011) . These results strongly suggest that in maize, the phytochrome-mediated signaling pathway could regulate tiller outgrowth through modulating the expression of TB1 and GT1. In support of this notion, three HD-ZIP-encoding genes in Arabidopsis that are homologous to GT1, designated HOMEOBOX PROTEIN 21 (HB21), HB40, and HB53, are positively regulated by BRC1 (the TB1 ortholog in Arabidopsis). Under light-limiting conditions, these three HD-ZIP genes enhance abscisic acid (ABA) accumulation and trigger the ABA signaling pathway to suppress bud outgrowth. These results clearly demonstrate that the function of the TB1-GT1 regulatory pathway is conserved in dicot and monocot plants (González-Grandío et al., 2017) .
Further, several recent studies have documented evidence that SPL transcription factors could directly regulate the expression of TB1/FC1/BRC1 (Z. . In the rice ipa1/wfp mutant, higher OsSPL14 expression released from miR156 suppression directly up-regulates the expression of OsTB1, suggesting that the miR156/SPL module functions upstream of the TB1/FC1/BRC1 pathway (Z. . The reduced expression of multiple ZmSBP genes in the cg1 mutant and the phenotypic resemblance of the cg1 mutant to the tsh4/ub2/ub3 triple mutant (e.g. prolific tillers) (Chuck et al., 2007) suggest that the miR156-SPL module may also act upstream of TB1 to regulate tillering (Fig. 4) . Given our recent demonstration that PIF proteins accumulate in response to shading and repress MIR156 expression, resulting in enhanced expression of SPL genes and a plethora of shade avoidance responses in Arabidopsis, it is highly attractive to speculate that the PHYB-PIFs-miR156-SPLs regulatory pathways described in Arabidopsis may also operate in maize and other important cereal crops to regulate various plant architecture-related important agronomic traits in response to high-density planting (Fig. 5) . Thus, more detailed and systematic functional characterization of the maize SPL gene family and their roles in regulating the shade avoidance response is warranted, which may offer important clues for exploiting this gene family for improving plant architecture tailored for highdensity planting.
Exploiting SPL genes for maize improvement
Given that SPL genes are key regulators of various aspects of plant architecture, and that the miR156/SPL module functions downstream of the phytochrome-PIF pathway in mediating shade avoidance responses, several ways can be envisaged in which to harness and explore their utility in crop architecture improvement.
Transcriptional regulation of SPL genes
SPL genes are known to be down-regulated by miR156, and the co-evolution of miR156/SPL genes has been documented in land plants . Typically increased levels of miR156 could decrease the abundance of SPL transcripts (Schwab et al., 2005; Chuck et al., 2007) , whereas mutations that block miRNA activity or overexpression of a miR156 target site mimic result in higher SPL transcript levels (Franco-Zorrilla et al., 2007; Wu et al., 2009) . The notion of modulating the level of SPL gene expression to optimize plant architecture with increased yield has been verified in rice. Natural variations at the IPA1 locus, either abortion of the miR156 target site in the coding region (i.e. ipa1-1D allele) or enhanced gene expression via epigenetic modification in IPA1 promoter sequences (i.e. IPA1 WFP allele), conferred a plant architecture that is favorable for grain production (Jiao et al., 2010; Miura et al., 2010) . Fine-tuning the levels of IPA1 expression has been shown help to balance tiller number and panicle branch number, two vital yet competitive components of grain yield in rice (Wang and Zhang, 2017; Zhang et al., 2017) . These findings will surely encourage future work to fine-tune expression levels of ZmSPL genes to optimize their effect on plant architecture and grain production of maize.
Post-transcriptional regulation-protein stability
In addition to the microRNA-directed cleavage and epigenetic modifications, SPL genes are also subject to protein level modifications. showed that the RINGfinger E3 ligase IPI1 (IPA1 INTERACTING PROTEIN 1) could interact with IPA1 in the nucleus through yeast-two hybrid screening. Such an interaction promotes distinct polyubiquitination patterns (K48-linked polyubiquitin chain in panicles, K63-linked polyubiquitin chain in shoot apexes) and fates of IPA1 protein in a tissue-specific manner. Proteins carrying K48-linked and K63-linked polyubiquitin chains enter the 26S proteasome pathway and signal transduction pathway, respectively. In the ipa1 loss-of-function mutants, the IPA1 protein level decreased in the stem base but increased in the panicle, giving rise to phenotypes showing increased tiller number, larger panicles, and more grains per panicle .
It has been shown that maize SPL protein TGA1 can form either homodimers or heterodimers. An amino acid substitution in the maize-TGA1 enables proteins to form stable dimers as compared with the teosinte-TGA1 . Another study showed that IPA1 could interact with members of the TCP family, namely proliferating cell nuclear antigen PROMOTER BINDING FACTOR (PCF1) and PCF2 (Z. . By forming a protein complex with PCF1/2, IPA1 could indirectly target the TGGGCCC/T cis-element to modulate expression of multiple development-related genes that are involved in the cell cycle, cell death, phytohormone signaling, and stress responses. However, whether maize UB2 and UB3, the orthologs of rice IPA1, are regulated at the protein level and whether they form a regulatory protein complex through interacting with other proteins still remains to be explored.
Manipulate the tissue-specific target genes of SPLs for trait-specific improvement of plant architecture
To understand the molecular mechanisms involving SPL genes underlying ideal plant architecture formation, it is essential to identify the target genes of a specific SPL factor on a genomewide scale. As exemplified by the study of rice IPA1, thousands of putative genes were found to be directly regulated by IPA1 through ChIP-sequencing (ChIP-seq) analysis (Z. . Among the target genes of IPA1, OsTB1 and DENSE AND ERECT PANICLE 1 (DEP1) have been characterized as the major regulators of shoot tillering and panicle branching, respectively (Huang et al., 2009; Z. Lu et al., 2013) . Indeed, one recent transcriptomic study using samples collected from the shoot apices and young panicles of transgenic rice plants overexpressing maize UB3 identified numerous transcription factors of different gene families (such as AP2, SPL, and the MADS-box family) as putative direct target genes of UB3. In addition, UB3 was suggested to be involved in the cytokinin biosynthesis/degradation pathway and auxin biosynthesis pathway (Du et al., 2017) . We envisage that further efforts to identify the tissue-specific downstream target genes of various ZmSPL genes (e.g. TSH4, TGA1, and LG1) with the combination of ChIP-seq and RNA-seq approaches may provide new candidate genes for manipulation of specific traits of plant architecture better suited for high-density planting.
GWAS, genomic selection, and haplotype analysis to identify the natural superior alleles
QTLs controlling agriculturally important traits are generated from natural allelic variations during the processes of selection and domestication. Understanding the genetic basis of phenotypic variation in diverse maize inbred lines is essential for utilizing these genetic resources for maize improvement. With the availability of the maize B73 reference genome and affordability of secondgeneration sequencing technologies for resequencing analyses, comparative genomic sequence analyses between the wild ancestors, landrace, and modern maize cultivars will allow us readily to identify selection sweeps harboring candidate genes controlling key agronomic traits. For instance, selection signals were identified at the loci of several ZmSPL genes [GRMZM2G081127; GRMZM2G460544 (UB3), GRMZM2G160917 (UB2), GRMZM2G101499, GRMZM2G126827, GRMZM2G067626, and GRMZM2G101511 (TGA1)] during maize domestication and genetic improvement, highlighting a potential role for these genes in shaping maize plant architecture, and also possibly in other biological processes (Wang et al., 2005; Hufford et al., 2012; Chuck et al., 2014; Jiao et al., 2014) .
GWAS have been widely used in genetic research to detect natural variation underlying complex traits in crops including maize, rice, sorghum, and others (for reviews, see Huang and Han, 2014; H. Liu et al., 2015) . Several groups performed GWAS in maize to dissect comprehensively the genetic architectures of flowering time (Buckler et al., 2009) , leaf angle/size (Tian et al., 2011) , kernel oil composition , and plant disease resistance (Kump et al., 2011; Poland et al., 2011) . Interestingly, maize is an outcrossing species with rapid decay of the linkage disequilibrium (LD) (within ~2 kb) (Remington et al., 2001) . Thus, a typical GWAS in maize normally requires massive numbers of SNPs to be precisely typed in a large population. We speculate that a combination of genomic resequencing of various maize germplasm and GWAS should offer a powerful approach to identify the causal polymorphisms underlying the improvement of plant architecture components (plant height, tassel branch number, tassel branch angle, ear height, KRN, etc.) during breeding processes. After the identification of candidate genes, CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats/CRISPR-associated nuclease9)-mediated mutagenesis and overexpression studies can be used to verify the gene function. Haplotype analysis of the identified genes may also shed lights on the selection process of the preferred haplotype during breeding. The identification of superior alleles and development of functional molecular markers for the associated traits may greatly facilitate the breeding of new maize cultivars tailored for high-density planting. Indeed, we believe that harnessing the genetic power of the ZmSPL gene family should hold great potential and have a bright future in genetic improvement of maize architecture.
Conclusions
Since Donald (1968) initially put forward the concept of 'ideotype' to accelerate the breeding objectives of optimizing photosynthesis, growth, and yield in crops, the concept of 'new plant type (NPT)' or 'ideal plant architecture (IPA)' was proposed for rice breeding, with desired characteristics of fewer unproductive tillers, larger panicles with more grains, stronger sturdy culms, and moderately increased plant height (Khush, 2001; Wang and Li, 2008) . Since then, such concepts have been experimentally corroborated by breeding and cultivation of new rice varieties featuring such characteristics (Springer, 2010; Wang et al., 2018) . The continued demand to produce more maize grains on limited land area presses us to increase its planting density, which requires rational design of high-density-tolerant ideal plant architecture for increased grain yield per unit land area as well as mechanical harvesting. For maize, such characteristics should include reduced ear height, a strong stalk, upright leaves, smaller tassels, and better synchrony between anthesis and silking. We believe that the maize SPL gene family holds great potential to modulate plant architecture tailored for high-density planting. The fact that several maize SPL genes (UB3, LG1, and TGA1) are subject to selection during maize domestication and improvement supports the importance of maize SPL genes in shaping plant architecture. The rapid development of CRISPR/Cas9 technology now readily enables us to unravel the biological function and elucidate the molecular mechanisms of the ZmSPL gene family members either individually or in various combinations. Together with high-throughput genomics approaches and GWAS analysis, natural superior alleles can be identified and utilized to improve multiple traits of plant architecture simultaneously, thus greatly facilitating breeding of elite maize varieties that suit high-density planting.
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